u ry to the central nervous system (CNS), complex cellular and molecular intera c t i o n s lead to wound healing, and these same intera c t i o n s m ay ultimat e ly affect neuro rege n e ration. It is important to distinguish rege n e rat ive events from those of tissue heali n g, even though they often coincide early after injury. Wound healing processes can be re fe rred to as those events leading to the re m oval of deb ris and edema fro m the wound site, reva s c u l a ri z ation, and the re e s t abl i s h m e n t of the blood brain barrier and glial limitans (that is, the glial-pial surface). One result of these processes is the fo rm ation of an astro cytic glial scar at the lesion site. N e u ro rege n e ration fo l l owing injury re fe rs to neural circ u i t re o rga n i z ation to re e s t ablish function.
N e u ro rege n e ration fo l l owing injury re fe rs to neural circ u i t re o rga n i z ation to re e s t ablish function.
3 1 Classic views suggest that only a limited amount of rege n e ration occurs fo ll owing mammalian CNS injury. This may be due to fa ct o rs such as the physical nat u re of the scar itself 2 6 as we l l as an unfavo rable molecular env i ronment around the wo u n d. 1 3 , 1 8 It is only re c e n t ly that scenarios have been proposed for the molecular bases of failed CNS rege n e rat i o n . 3 It is now well established that the ex p ression of va ri o u s ex t racellular mat rix (ECM) molecules, adhesion molecules, and certain growth fa c t o rs is enhanced during healing of nonneural tissues such as skin and corn e a .
3 , 1 2 , 1 7 , 3 3 Th e re is, howeve r, a paucity of info rm ation on the ex p re ssion of such deve l o p m e n t a l ly reg u l ated proteins fo l l ow i n g b rain injury, especially in humans.
In this study we focus on an ex c eptional case and a single ECM molecule, tenascin, wh i ch is an oligo m e ric glyc o p rotein constituent of the ECM. 6 , 8 Tenascin possesses s eve ral functional molecular domains (for ex a m p l e, fi b ronectin type III and ep i d e rmal growth factor rep e at s ) t h at may affect cell at t a chment, migration, and pro c e s s extension during development and possibly fo l l ow i n g i n j u ry. 1 1 , 1 3 , 1 5 D u ring development it is tra n s i e n t ly exp ressed in the CNS, wh e re it is concentrated in astro cy t i c b o u n d a ries that surround functionally distinct subgro u p s of neuro n s . 2 9 Evidence for significant tenascin ex p re s s i o n in the adult human brain is associated with its ap p e a ra n c e in va rious neoplasms (such as astro cy t o m a s 2 , 1 2 ). In the present study, we document an enhanced astro cytic ex p re ssion of tenascin fo l l owing penetrating brain injuri e s i nvolving the human cereb ral cort ex. The upreg u l ation of a deve l o p m e n t a l ly reg u l ated ECM molecule may have i m p o rtant implications for the sequelae of wound healing and rege n e ration fo l l owing tra u m atic brain injury.
Materials and Methods
Several cases of traumatic brain injury were analyzed in this study. Included was a sample of cortex and neostriatum from a penetrating stab injury (12-hour survival), as well as two cases of gunshot wound to the brain with 21-and 96-hour survival times, respectively. We also compared these samples with brain sections from patients with various stages (0, 2, and 3) of Huntington's disease, as well as control brain tissue from another ongoing study of astrocytes and ECM in human neurodegenerative diseases.* 3 0 Finally, sections from an anaplastic astrocytoma were used as a positive control for the tenascin immunocytochemical and in situ h y b r i d i z a t i o n s t u d i e s .
, 1 2
The focus of this report is a 28-year-old man who was brought to the Elvis Presley Memorial Regional Trauma Center in Memphis, Tennessee after sustaining gunshot wounds to the abdomen, chest, and brain. Upon admittance the patient was alert, and a neurological exam revealed no focal deficits (Glasgow Coma Scale score of 15). His vital signs were stable. Computerized tomography demonstrated several depressed bone fragments in the right parietooccipital cortex (Fig. 1A) , and an immediate craniotomy was performed to elevate the depressed bone and repair the dura. There were no intracranial bullet fragments. Postoperatively the patient remained intubated and at neurological baseline (that is, he was alert and followed complex commands). An intracranial pressure monitor revealed normal intracranial pressure throughout the entire postoperative course. On postoperative Day 3 he developed signs of adult respiratory distress syndrome and ventilation became progressively difficult. On Day 4 he developed a fatal arrhythmia, did not respond to resuscitation, and died approximately 96 hours after injury.
Following autopsy the brain was removed and a block of tissue surrounding the wound was immersed in 8% formalin for 20 minutes and then placed in buffered 4% paraformaldehyde for a period of 72 hours. Smaller samples from the areas within, adjacent to, and farthest from the wound were then embedded in paraffin blocks (Fig. 1B) or cryoprotected in 30% sucrose and frozen for later sectioning. Paraffin blocks were cut into 8-m sections and frozen sections were taken at 40 m .
This case is in many ways exceptional. A tissue sample amenable to immunocytochemical and in situ hybridization procedures became available for the first-time study of the potential upregulation of an ECM protein in the injured human brain. There were no complicating factors, such as increased intracranial pressure, which can limit vascular perfusion of the wound area (as in the 21-hour survival case mentioned above), to severely compromise the preservation of antigens and overall tissue quality for subsequent histopathological analysis. Finally, this case included a post-trauma survival period that may represent a potential early peak period of expression of wound-related molecules. 
Immunocytochemical Studies
Tissue sections were processed for immunoperoxidase or immunofluorescence, with one of several monoclonal (rat immunoglobulin (Ig) G diluted 1:30) or polyclonal (rabbit IgG diluted 1:50) antibodies to tenascin. A polyclonal antibody to glial fibrillary acidic protein (GFAP) was also used. After 24 hours in primary antibody, sections were incubated from 2 to 24 hours either with horseradish peroxidase-labeled secondary antibody for viewing under the light microscope or with fluorescently labeled secondary antibodies (fluorescein isothiocyanate (FITC) diluted 1:50 or 7-amino-4-methylcoumarin-3-acetic acid diluted 1:50) for indirect immunofluorescence. Sections were also processed with polyclonal antibodies to the three major isoforms of neurofilament, † as well as secondary antibody only (FITC-labeled diluted 1:50). Several preadsorption control studies were performed using incubations with purified human embryonic fibroblast tenascin (2 to 5 g/ml) in the presence of polyclonal or monoclonal antibodies to tenascin. For immunoperoxidase staining, preblocking for endogenous peroxidase was also performed.
In Situ Hybridization
Sections were hybridized with sense and antisense digoxigeninlabeled complementary ribonucleic acid (cRNA) probes specific for human tenascin messenger RNA (mRNA). Probes were obtained by in vitro transcription from plasmid p31 9 containing a 3-kb cDNA insert specific for human hexabrachion (tenascin). Antisense and sense probes were obtained by linearization with HindIII followed by transcription using T3 RNA polymerase, or linearization with NotI followed by transcription using T7 RNA polymerase, respectively. Following hybridization and further processing with alkaline phosphatase-coupled antibodies to digoxigenin, ‡ the tissue was then color reacted with nitroblue tetrazolium chloride and 5-bromo-
Results
Tissue (Fi g. 1B) . Although we examined sections from all of these areas, including the wound site that often contained hemorr h agic tissue, we concentrated on peri wo u n d regions (Figs. 2 and 3 ) because they usually rep resented a composite of the most and least compromised tissue s t ates. It was our impression that a gradient of cellular and molecular ch a n ges existed in re l ation to tissue distance f rom the pri m a ry lesion site; that is, areas fa rthest from the wound exhibited the lowest levels of re a c t ive astro cy t o s i s . R e a c t ive astro cytosis re fe rs to a pro l i fe rat ive gliosis in wh i ch there are pre s u m ably increased nu m b e rs of astrocytes that appear larger when compared to normal re s t i n g a s t ro cytes. Reactive astro cytes in the injured adult bra i n exhibit pronounced immu n o re a c t ivity to GFAP antibodies, and their ove rall enlarged size (pre s u m ably due to swelling) and heightened intensity of GFAP immu n os t a i n i n g, in contrast to a pro found increase in nu m b e rs of a s t ro cytes, may be a hallmark of re a c t ive astro cy t o s i s .
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The GFAP immu n o re a c t ivity 96 hours fo l l owing a pene t rating injury revealed ge n e ra l i zed re a c t ive gliosis in and a round a cortical wo u n d, with astro cytes that ap p e a red to be considerably larger than normal resting astro cytes (Fi g. 2A). In these and adjacent sections processed for neuro fi lament immu n o cy t o ch e m i s t ry, there we re regions ex h i b i ting ap p a re n t ly normal axonal morp h o l ogy in addition to focal areas with ap p a rent axonal injury (Fi g. 2G and H). In white matter tracts pre s u m ably unaffected by the lesion, n e u ro filament immunostaining revealed bundles of axons with rather unifo rm morp h o l ogies and diameters (Fi g. 2G). In encumbered white matter areas, so-called fo c a l a reas of axonal injury, neuro filament staining reve a l e d axons with va ried morp h o l ogies including beadiness, swollen and interrupted fi b e rs, and the presence of i m munostained "re t raction balls" (Fi g. 2H). M o n o clonal and poly clonal antibodies to tenascin d e m o n s t rated increased staining that contri buted to pat chiness near wound sites (Fi g. 2B). Double immu n o fl u o re scence studies for GFAP and tenascin showed upreg u l at i o n of tenascin around GFA P -p o s i t ive astro cytic pro c e s s e s ( Fi g. 2C). Tissue processed with secondary antibody alone s h owed no staining (Fi g. 2F). Fi n a l ly, pre a d s o rption of the poly clonal tenascin antibody with puri fied human tenascin led to a reduction in the ove rall tenascin i m munostaining to near back ground levels (Fi g. 2D and E). This type of "bl o ck i n g," in addition to the other cont rol ex p e riments, suggests that the increased staining seen with tenascin antibodies in the injured cereb ral cort ex is in fact specifi c.
Tenascin mRNA ex p ression was studied using in situ hy b ri d i z ation to complement the immu n o cy t o ch e m i c a l o b s e rvations and to localize more specifi c a l ly areas wh e re tenascin ex p ression may be upreg u l at e d. In peri wo u n d a reas, we found discrete bands of tenascin mRNA p ro b e -p o s i t ive cells (Fi g. 3A) . No labeled cells we re found in sections hy b ri d i zed with the sense pro b e. After c o u n t e rstaining sections that contained pro b e -p o s i t ive cells with hemat oxylin and eosin (not shown), it was ev ident that some of the zones of pro b e -p o s i t ive labeled cells occupied discrete white matter areas. In these and adjacent sections processed for neuro filament immu n o cy t o ch e mi s t ry, there we re fields of mRNA -p o s i t ive cells amidst swollen "re a c t ive" axons and re t raction balls (Fi g. 3A, i n s e t), a correspondence suggesting that these sites may be a s s o c i ated with the injury or possess dege n e rating axons. A gain, nearby areas not exhibiting enhanced tenascin ex p ression demonstrated a more normal neuro fi l a m e n t i m munostaining pat t e rn (as seen in Fi g. 2G). Upreg u l at i o n of tenascin mRNA in discrete areas of gray matter wa s also seen (Fi g. 3D). Furt h e rm o re, it is our impression that fewer cells we re pro b e -l abeled in the nonencumbere d " n o rmal" areas compared to peri wound are a s . R ep re s e n t at ive sections that contained pro b e -p o s i t ive cells we re chosen for further processing for GFA P i m mu n o fl u o re s c e n c e, and they revealed doubl e -l ab e l e d cells with cl e a rly re c og n i z able GFA P -i m mu n o re a c t ive p rocesses that emanated from pro b e -l abeled somata (Fi g. 3 B, C, E, and F). These doubl e -l abeled cells we re fo u n d in pre s u m ably encumbered areas of the gray and wh i t e m at t e r, confi rming the belief that so-called re a c t ive astrocytes in both areas can upreg u l ate their message fo r tenascin. In these same sections, single-labeled (that is, G FA P -p o s i t ive or pro b e -p o s i t ive) cells we re also obs e rve d. At present, we do not know whether either of these s i n g l e -l abeled cells rep resents a significant population of wo u n d -a s s o c i ated astro cytes or whether technical limitations contri bute to the inability to re c og n i ze and fi rm ly e s t ablish the presence of either or both marke rs in cert a i n c e l l s .
Sections we re also examined from cases with 12-and 21-hour surv ival times after focal penetrating bra i n i n j u ries. Th e re was little if any GFAP immu n o re a c t ivity in the 12-hour surv ival specimens; howeve r, staining wa s p resent in the 21-hour postlesion tissue. Te n a s c i n i m munostaining was not obv i o u s ly ab ove back ground levels in either of the short surv ival time brain specimens. I n s i t u hy b ri d i z ation demonstrated ve ry few pro b e -p o s i t ive cells in the cort ex and encumbered stri atum in the 12-hour s u rv ival sample, as well as in similar results in both gray and white matter of the injured 21-hour surv ival cort ex . Tissue integrity was far more compromised in these specimens compared to the 96-hour postlesion surv ival case, and there fo re corre l ation of the va rious marke rs in these cases was considerably more difficult to ach i eve.
In positive control samples, sections from an anap l a s t i c a s t ro cytoma demonstrated cl e a r-cut tenascin immu n os t a i n i n g, seen with both the poly clonal and monocl o n a l FI G. 2. Sections from the penetrating cortical injury shown in Fig. 1 , 96-hour survival, processed for immunocytochemistry. These sections are from periwound areas. Bars = 50 m except as noted. A: Glial fibrillary acidic protein (GFAP) immunofluorescence labeling showing wound-associated reactive astrocytes. B: In the same cortical area, tenascin immunocytochemistry using a monoclonal antibody to human tenascin reveals dense staining in extracellular areas as well as some cellular staining (presumably astrocytes). C: Double immunofluorescence staining for GFAP (blue; 7-amino-4-methylcoumarin-3-acetic acid) and tenascin (green; fluorescein isothiocyanate (FITC) showing the presence of tenascin (punctae and clumps of immunoreactive material) around a reactive astrocyte. Bar = 10 m . D and E: Adjacent sections processed for preadsorption controls and immunoperoxidase, using a polyclonal antibody to tenascin (D) and antibody in the presence of human tenascin (E; 5 g/ml). Preadsorption results in a significant reduction of tenascin immunostaining to slightly above background levels. F: A section processed as a control using secondary antibody only (FITC-labeled), showing no staining except for fluorescent debris and a few red blood cells. G and H: White matter areas near the wound site processed for neurofilament immunocytochemistry. In G, neurofilamentimmunoreactive axons are in bundles and appear normal. In H, from an encumbered region of subcortical white matter, neurofilament-positive axons appear beady and swollen, with the presence of degenerating terminal balls. FI G. 3. Sections from the case shown in Fig. 1 , periwound areas, processed for in situ hybridization using a cRNA probe for human tenascin. A digoxigenin-labeled probe and alkaline phosphatase immunochemistry were used. Some sections were also processed for neurofilament immunoperoxidase or glial fibrillary acidic protein (GFAP) immunofluorescence. A, B, and C are from subcortical white matter; D, E, and F are from cortical gray matter. A: Tenascin probe-positive cells (blue-black) are present in an area of encumbered white matter where neurofilament-positive swollen axons are found (similar to area shown in Fig. 2H ). Bar = 250 m. I n s e t shows double labeling for tenascin mRNA (blue; alkaline phosphatase, longest arrow) and neurofilament immunolabeling (brown; immunoperoxidase) of retraction balls (short arrows), as well as many stained, beady processes present in the vicinity of probe-positive white matter astrocytes. Bar = 20 m . 
